This work presents simulated output characteristics of gas sensor transistors based on graphene nanoribbon (GNRFET). The device studied in this work is a new generation of gas sensing devices, which are easy to use, ultracompact, ultrasensitive, and highly selective. We will explain how the exposure to the gas changes the conductivity of graphene nanoribbon. The equations of the GNRFET gas sensor model include the Poisson equation in the weak nonlocality approximation with proposed sensing parameters. As we have developed this model as a platform for a gas detection sensor, we will analyze the current-voltage characteristics after exposure of the GNRFET nanosensor device to NH 3 gas. A sensitivity of nearly 2.7% was indicated in our sensor device after exposure of 1 ppm of NH 3 . The given results make GNRFET the right candidate for use in gas sensing/measuring appliances. Thus, we will investigate the effect of the channel length on the ON-and OFF-current.
Introduction
The gas detection is very important in both research and commercial applicability. There is an increasing need for a higher sensitivity and selectivity as well as for a faster response time. The most significant feature of a material in gas sensing applications is its elevated surface-to-volume ratio. For this motive, new materials are revealed in the construction of innovative sensors with an elevated surface-tovolume ratio. This grants a considerable active surface area for the gas molecule interactions. The different patterns of these nanostructures are graphene and carbon nanotubes (CNT) [1, 2] , highly enhancing the absorption of gases and eventually resulting in a better sensitive sensor performance [3] . CNT have been presented as an ideal material for developing sensor technology because of their one-dimensional (1D) structures with high surface-to-volume ratio that enables them to integrate as gas sensing. Despite their promises, CNT still face considerable challenges due to the existing growth methods which do not allow controlling the structural uniformity such as diameter, number of graphene walls, and electrical properties by separating metallic and semiconducting CNT and so CNT involved structural heterogeneity [4] . However, graphene also presented the possibility of high sensitivity towards gas sensing, in addition to several advantages over CNT-based sensors. Graphene is shown to exhibit inherently low electrical noise at ambient temperature and high electron mobility, which enhance its sensitivity compared to CNT. Also, compared to CNT, graphene is relatively easier for electrical manipulation [4] .
Graphene is defined as a single stratum of carbon atoms that are arranged in a two-dimensional honeycomb lattice. Since its inception in 2004, this material attracted enormous attention, which led to an intensive research activity [5] . As a result of its zero band gap energy, the electron mobility in graphene is 100 times quicker than that in silicon and makes it a perfect two-dimensional (2D) semiconductor [6] [7] [8] . When graphene is cut into thin graphene strips (nanoribbons) a sizeable band gap opens. In these nanoribbons, the confinement of transporters leads to a quasi-one-dimensional 2 Journal of Nanomaterials (1D) system creating an energy gap. Comparable to the CNT, this energy gap relies on the width and atom direction of the graphene nanoribbon (GNR) [9] . The calculation of density functional theory (DFT) demonstrates that armchair nanoribbons are semiconductors. The latter energy gap is inversely proportional to the GNR width [10] . Specifically, when we precisely determine the nanoribbons width, we can put together the graphene structures with a fairly wide band gap, keeping a rather high electron (hole) mobility [11] . Experiments verified that energy gaps augment with decreasing GNR width [12] . It has been stated that armchair nanoribbons of 2.5 nm width showed an energy gap getting up to 0.5 EV.
Furthermore, CNT unique electronic characteristics like tunable conductance, ballistic transport, and highly charged mobility [13] create an area of strong interest for sensing application in nanotechnology [14] . In this context, Schedin et al. reported the potential application of graphene in sensing applications in 2007 [15] . More specifically, GNR has the ability to detect adsorbed molecules onto the surface (e.g., NH 3 , NO 2 , CO, H 2 S, and NO 2 ). To date, highly sensitive and selective sensors as well as quick response times are preferred. Graphene nanoribbon was the most interesting kind of nanomaterials. They contain unique properties, which include powerful electrical and thermal conductivity and high surface-to-volume ratios. The gas interaction with graphene nanoribbon is a very interesting area in terms of basic research and in terms of possible applications as gas detector. Appropriate configuration for graphene nanoribbon use in measuring devices is where the GNR is set as a channel between two electrodes of a field effect transistor. After exposure to the gas, the detection signals of our sensor device are obtained through the changes in the -curves of graphene field effect transistor. That makes GNRFET a favorable device sensor and shows a high sensitivity towards any alterations in the chemical environment [16] .
In the present research we will propose a basic model of how GNRs can be used in gas detection applications. The recommendations from the mathematical model will highlight the relevant properties of graphene in the context of gas sensing, which will elucidate the fundamental working principle of chemical sensors. We have employed the field effect transistor (FET) as a basic structure of our gas sensor model.
Graphene Nanoribbon-Based Sensors
The model's focus was supposed to merge the merits and advantages of graphene nanoribbon which has broad specific surface area (2630 m 2 g −1 ) [4] providing great sensing area per unit volume to adsorb chemical species and high electron mobility at ambient temperature.
The structure of the proposed analytical device using graphene nanoribbon as a channel for gas sensor is the same as the metal-oxide semiconductor field effect transistors (MOSFETs) structure [17] [18] [19] . The GNRFET we are considering is based on a graphene layer which composes a dense array of parallel nanoribbons. The nanoribbon used as a transistor channel is connected between the source and drain electrodes. We have used a dielectric layer which separates the gate from the channel. Here, SiO 2 /Si substrate is used as a bottom gate ( Figure 1 ).
The nanoribbon surface could interact with gas molecules, changing the GNRFET conductivity and so its transfer characteristics due to the variability of the source-drain current which is a measurable parameter [4] . This effect can be explained by a kind of "molecular gating" of the gas molecules on the GNRFET channel.
Recently, many theoretical studies on the molecular gas adsorption on the GNR have been carried out. Those studies indicate that the adsorption of CO 2 and O 2 molecules results in a p-type semiconductor while the NH 3 gas adsorption generates n-type features [20] . NH 3 and CO gases serve as donors, while H 2 O and NO 2 act as acceptors [21] . In our case, we will focus on the graphene nanoribbon conductance exposed to the NH 3 molecules. The NH 3 gas molecule adsorption will donate electrons to the GNR surface which changing the GNR conductance and thus the I-V curves of our GNRFET-based gas sensor. With the suggested sensing parameters, we consider this phenomenon as the detection mechanism. We have proposed the transfer characteristics of the GNR-based detector as a principle by which to detect the effects of gas adsorption.
GNRFET-Based Gas Sensor Model
In our model we consider that the GNRFET operates with the condition that the channel's electron gas is nondegenerate. Thus, the distribution functions of the electron and the hole in the subbands near the source and drain electrodes are shown in the following [22] :
Here ] = 108 cm/s is the characteristic charge velocity, the (±) signs refer to the electron (upper sign) and hole (lower sign) spectra, = 2.06 nm is the nanoribbon width, ℏ is the reduced Planck constant, and is the momentum along the nanoribbon. The proposed model is based on the correlation between current, gas concentration, and temperature as follows:
When the proposed device is exposed to the gases at different temperatures, we can define three current parameters of the GNRFET-based gas sensor: , , and , where is the current of the device without gas exposure which takes account of the different geometric parameters of the device; represents changes in the current which depends on the temperature ( ); and modulate the dependence of the current on different values of gas concentration at a stable temperature. The conductance of the gas sensor changes for different values of NH 3 gas concentrations and for various temperatures [14, 17] . In what follows, we will define each parameter.
The Current without Gas Exposure.
The nanoribbon sections adjacent to the source and drain contacts are serving as conducting pads and are highly conducting. Thus, these sections are equipotential and equal to = 0 and = , respectively. The active region of the GNRFET which replaces the top gate is defined as follows:
≤ ≤ /2, ≤ ≤ 0, where is the length of the active region (top gate) and is the thickness of the layer between the graphene and the back gate. Potential distribution along the channel can be found using the two-dimensional Poisson equation for the electric potential = ( , ) for the active region under consideration in the weak nonlocality estimation = ( ) = ( , 0) [23, 24] as follows [22] :
where, Σ − and Σ + are the electron and hole densities in the channel, is the electron charge, and ae is the material dielectric constant separating the channel from the back gate. Equation (2) controls the electric potential. The approximation under consideration makes the study of nonuniform potential distributions in the GNRFET channel and the shortgate effects analytically possible. The Fermi energies, the electric potential, and the electron densities in the source and drain regions are related to each other as
where Δ = 4 ℏ/ is the value of the energy band gap. If we consider that the current is determined by the electrons overcoming the potential barrier between GNR and electrodes, we can use the current formula as the follows (per unit length) [22] :
Here
is the velocity of the electron with momentum of the nanoribbon conduction band. " " and " " are the Fermi energy determined from the middle of the energy band gap. Integrating in (5), we arrive at [22] 
Here Λ = √( /3) is the effective screening length.
The Current with Gas Exposure.
We can associate and as one parameter depending on each other as [14] = + = 2 ℏ (∫
where = ( − )/ and = ( − )/ are the normalized Fermi energy. We can solve this equation numerically by using the partial integration method [25, 26] . Thus, the general model for this part of the graphene-based gas sensors current can be derived similarly to that of the silicon-based model proposed by Gunlycke et al. [27] :
Here −1/2 is the Fermi-Dirac integral of order (−1/2) which plays a significant role in the modeling of semiconductor's behavior. strongly influences the gas sensor conductance because it depends on gas concentration and its temperature [14] . We can write it as follows:
where is the parameter that controls temperature and is the parameter which monitors the gas concentration. These parameters are obtained by iteration method [14] . Equations (9) and (10) are used to obtain the gas sensor current model as
Finally, summing (7) and (11) we obtain the general source-drain current as a function of the top gate voltage, the graphene length, the gas concentration, and temperature by the following relations:
Using this equation, we can evaluate the performance of graphene-based gas sensor FET devices based on (I-V) curves. We can control the drain-source current by monitoring the top gate voltage which changes as the channel is exposed to gas. Our model works in ohmic and saturation regions, quite similar to MOSFETs.
Results and Discussion

GNR-Based Gas Sensor Characteristics at Room Temperature.
The sensing measurements of graphene-FETs were carried out using NH 3 gases, which behave as electron donor [28] . In order to evaluate the sensitivity of our device, we first have studied the current-voltage characteristics profile of graphene gas sensor transistors at various gate biases (varying from 0.72 V to 0.8 V) before gas exposure (solid lines) and after exposure to NH 3 (dashed lines) at a concentration of 300 ppm at room temperature. Figure 2 shows that the I-V characteristics of the GNRFET have increased after exposure to NH 3 . The gas molecules are then adsorbed on the graphene and modify its conductivity. This behavior is expected, because NH 3 is an electron donor, which increases the density of electrons in GNRFET following adsorption, and increases in the conductivity of ntype graphene.
In Figure 3(a) , we indicate the -curves after NH 3 exposure at 300 K and at different gas concentration values. It is evident that when we increase the gas concentration the conductivity increases as well. We can observed the sensitivity from the responses of our device under 350 ppm, 400 ppm, 450 ppm, and 500 ppm NH 3 .
The sensitivity of GNRFET is defined as a percentage conductance change after gas exposure. It can be calculated as 100 × ( − )/ , where is the base current in the absence of the gas and is the current in the presence of the gas [4, 12, 29] . Here, as shown in Figure 3 (b) we found that, upon exposure to 450 ppm NH 3 , the sensitivity increased by 55% at = 0.8 and = 300 K. The behavior of the sensitivity of the sensor is practically linear. The GNR gas detectors reveal an increase of almost 2.7% in sensitivity to exposure of 1 ppm of NH 3 concentration. This phenomenon could be explained considering that our device exploits an important transformation of the Schottky junctions built up between the graphene nanoribbon and the electrodes (Figure 4 ): an interfacial dipole is induced by the adsorption of the NH 3 gas. This results in a change of the bending and height of the Schottky barrier at the contacts [30] .
Consequently, we notice a change in the alignment of the Fermi level between the drain/source electrodes and the GNR bands. Moreover, the Schottky barrier characteristics at the junction change as well. This results in the electron injection at the barrier and the metal/GNR junction is decreased, giving rise to the current. This consideration is very important because it seems to confirm that the interaction between the gases and the metal/nanoribbon is the phenomenon at the base of sensing for this kind of sensors. Thus, by measuring the variation of the electrical conductivity, due to the interaction with the contacts, we can identify the detected molecule and also the concentration in the air of the found chemical species.
To confirm this point of view, we have simulated the variation of the ON and OFF curves as a function of the channel length at different gas concentrations. As shown in Figures 5(a) and 5(b) , there is a lateral shift of the ON without any shift of the OFF-current interval. Thus we can conclude that exposure to a gas does not dope the graphene nanoribbon GNRFET sensor. The doping effect would imply a change in the "OFF" range of the transistor. In reality, the gas molecule adsorption changes the Fermi level alignment between the graphene nanoribbon and the metal electrodes in the contact region.
This statement is demonstrated by the comparison between the measurements performed by changing the gas concentration exposed to the GNRFET. This consideration is in agreement with the analytical and experimental results in the instance of oxygen exposition attained by an IBM team in Yorktown Heights, led by Avouris et al. [31] .
As is seen in Figure 5 , the channel length effect indicated on the device characteristics at different gas concentration is Journal of Nanomaterials 7 investigated. Actually, as the device length diminishes, both the ON-and OFF-currents raise. As shown in Figure 5(a) , the ON-current moves up by a factor of about 33.26, by ranging the total length of the device from 300 to 100 nm. The OFF-current increases by a factor of 1.25 −9 with the same channel length scaling ( Figure 5(b) ). As an outcome to that, the ON / OFF ratio increases from 1.53 3 at = 100 nm to 9.48 4 at = 300 nm before gas exposure and from 2.51 3 at = 100 nm to 1.31 4 at = 300 nm after NH 3 exposure at = 350 ppm.
This result can be credited to an essential reliance of the height of the prospective barrier built up between the GNR and the drain/source metal electrodes for the electrons propagating on the molecular gate length (the nanoribbon). In the long-channel limit, the OFF-current is mostly owed to the thermionic discharge of carriers over the impending barrier, whereas in the short-channel limit the OFF-current is dominated by the tunneling of carriers through the barrier [32] . In particular, as seen from (7) and (12), in GNRFET with a long top gate, the source-drain current soaked when becomes larger that ( / ), whereas in GNRFET with comparable with Λ the source-drain current noticeably amplifies with increasing even at rather big values of the latter.
GNR-Based Gas Sensor Characteristics at Elevated Temperature Region.
As shown in Figure 6 , the I-V curves of the GNR-based gas sensor equivalent to temperatures of 23, 50, and 100 ∘ C, respectively, are illustrated (line with symbols), after exposure to 300 ppm NH 3 , as well as the I-V before gas exposure (solid line).
It can be seen that the drain current has increased when the temperature increases. However, at the first two temperatures the current values have no significant changes, comparing with that before exposure to the gas. The sensitivity of the device increases from 0.37% at = 23 ∘ C to 10.55% at = 100 ∘ C. As a result, the gas is averse to being adsorbed on GNR at temperatures under 100 ∘ C. Also, Figure 6 shows that at 100 ∘ C the drain current becomes more important. This result shows that the GNR Fermi level shifts to the conduction band edges. This is due to the fact that NH 3 donates electron and leaves electrons on the GNRFET channel. Thus, we can conclude that the NH 3 adsorption at this temperature affects the metal/GNR junction transfer characteristics and so the device resistance.
Conclusion
In conclusion, we replicated the GNRFET-based gas sensor using the analytic model. The dependencies ofas well as the sensing parameters and the top gate length were considered to evaluate the device performance using this model. We have shown that our device witnesses a measurable change in conductance levels once it is exposed to NH 3 . Two control parameters have been introduced: the parameter which governs the temperature ( ) and the parameter that monitors the gas concentration ( ). The I-V curves of the gas sensors are taken into consideration to compare the transfer characteristics before and after being : GNR-based gas sensor I-V curves before and after NH 3 exposure at = 300 ppm for = 25 ∘ C; 50 ∘ C and 100 ∘ C presenting higher conductivity values in elevated temperatures.
exposed to diverse NH 3 concentrations and temperatures. The GNRFET-based gas sensor shows a sensitivity of about 2.7% once exposed to 1 ppm of NH 3 . This interesting result makes our device an appropriate candidate to be employed in gas detection systems. We have also investigated the effect of the channel length on the ON-current and the OFF-current. We have concluded that exposure to a gas does not dope the GNRFET sensor because the doping effect would imply a shift in the "OFF" range of the transistor. Thus the gas molecule adsorption modifies the Fermi level alignment between the graphene nanoribbon and the metal in the contact region.
